When Hansenula anomala cells were treated by the combined addition of pyrithione, a zinc ionophore, and metal chelating agents such as EDTA and N, N, N?, N?-tetrakis(2-pyridylmethyl)ethylenediamine, the antimycin A 3 -dependent induction of cyanide-resistant respiratory activity was suppressed. Among the chelators we tested, Zn-saturated EDTA failed to sustain the inhibitory eŠect, and added zinc ions restored the induction in the treated cells. Further, the antimycin A 3 -inducible mRNA level of the nuclear-encoded alternative oxidase gene detected by reverse transcriptase-PCR was signiˆcantly decreased by the treatment, and recovered to the level of untreated cells upon the addition of zinc ions. These results suggest that the treatment with pyrithione plus chelator resulted in an intracellular zincdeˆciency, which suppressed the expression of the nuclear-encoded alternative oxidase gene. The added zinc ions reversibly restored the expression, indicating that zinc is involved in the alternative oxidase gene expression.
Alternative oxidase (AO) is a cyanide-insensitive terminal oxidase, and constitutes a``cyanideresistant respiratory pathway'' in various organisms, including higher plants, green algae, fungi, yeasts, and protozoa. [1] [2] [3] Although the physiological role of this oxidase is not completely elucidated yet, it has been fully demonstrated that alternative oxidase is in‰uenced by developmental and environmental factors and is regulated at the level of gene expression or enzyme activity. 1, 2, 4) Expression of the nuclear-encoded alternative oxidase gene is highly regulated. In higher plants, transcription of this gene changes dramatically in response to various environmental conditions, including chilling and pathogen attack, as well as during senescence and fruit ripening. 1, 5, 6) In fungi, alternative oxidase may provide a degree of metabolic ‰exibility or protect cells from excess reactive oxygen species generated through mitochondrial electron transport. 4, 7) Inhibition of electron transport in the cytochrome bc1 complex by antimycin A induces the gene expression in Hansenula anomala ( Pichia anomala), 8) Candida albicans, 9) tobacco, 10) and Arabidopsis thaliana.
11)
We have reported on the induction of cyanideresistant respiration in the yeast H. anomala. [12] [13] [14] In response to certain signals triggered by respiratory inhibitors, such as antimycin A, the nuclear-encoded AO gene is expressed for the de novo synthesis of a 39-kDa precursor, which is processed into the 36-kDa mature form localized in the mitochondrial inner membrane, where it catalyzes cyanide-insensitive ubiquinol oxidation. In addition to speciˆc respiratory inhibitors, sulfhydryl compounds such as dithiothreitol (DTT) induce the gene expression by triggering speciˆc signaling toward nuclei. 15) We have postulated that superoxide anion is a trigger at the initial phase, 16) and suggested the possible involvement of calcium ions, intracellular SH-group(s), protein phosphorylation, and protein dephosphorylation in signal transduction toward nuclei to express the AO gene. 17) We have already cloned genomic DNA from H. anomala in order to investigate the regulation of AO gene transcription. 18) At present, little is known of the detailed molecular mechanisms of signal formation and transduction as well as the AO gene expression, in any organism.
Our previous work prompted us to assume that some transcriptional factor that can be activated in response to reactive oxygen species and regulated by kinase(s) and thiol redox is involved in AO gene ex- One ml of cell suspension in 45 mM potassium phosphate buŠer (pH 6.5) containing 0.1 M glucose with or without the addition of 0.2 mM pyrithione and 0.1 mM EDTA as indicated was incubated at 309 C for 15 min. After the addition of 10 mM AA3, the suspension was aerobically shaken at 309 C for 1 h. Aliquots of 50 ml were used for the assay of cyanide-resistant O2 uptake activity.
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pression. In higher vertebrates, the transcriptional factor NF-kB responds to reactive oxygen intermediates and has been well studied. 19) The NF-kB activation cascade includes at least two independent steps, the kinase pathway and a thiol redox-signaling pathway. Thus, the activation of NF-kB attracted our attention and seemed to provide a clue to elucidating the mechanism of AO gene expression. Recently, studies using pyrithione (1-hydroxypyridine-2-thione), a zinc ionophore, demonstrated a regulatory role of zinc in NF-kB activity. 20) Zinc is required for the DNA-binding activity of NF-kB, as well as the reduction of redox-sensitive cysteine residue, although NFkB does not contain a typical zincˆnger motif. 21) Accordingly, to focus on the role of zinc in AO gene expression, we explored the eŠects of pyrithione, which has been used to demonstrate the essential role of zinc in various stages within the cell. 22, 23) The present study using pyrithione is theˆrst report on possible involvement of zinc ions in AO gene expression. In the yeast H. anomala, antimycin A3 (AA3)-dependent AO gene expression detected by reverse transcriptase (RT) PCR was suppressed, when certain intracellular metal ions were removed by either membrane-permeable or impermeable chelators added with pyrithione, and was restored by the addition of zinc ions. Ourˆndings show that zinc is involved in the nuclear-encoded AO gene expression in this organism.
Materials and Methods
Materials. AA3 and sodium pyrithione were purchased from Sigma, free base EDTA, calcium-saturated EDTA (Ca-EDTA), Zn-EDTA, and Cu-EDTA were from Fluka, TRIZOL (total RNA isolation reagent) and Mo-MuLV RT were from GIBCO BRL. N, N, N?, N?-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) was obtained from Wako Pure Chemicals, and the primers were from Sigma Genosys, formerly Amersham Pharmacia Biotech.
Strain and culture. Hansenula anomala ( Pichia anomala), strain LKBY-1, was grown and harvested at the early stationary phase as described by Minagawa and Yoshimoto.
12)
Induction of cyanide-resistant respiration. H. anomala cells suspended in 45 mM potassium phosphate buŠer (pH 6.5) containing 0.1 M glucose (A600 ＝25, 52.4 mg wet cells W ml) were shaken aerobically at 309 C in the presence of 10 mM AA3. Fifty-ml samples were withdrawn and assayed for cyanideresistant respiration activity as previously described. 12, 14) Analytical methods. Mitochondrial fractions were isolated from the cells as reported. 14) Proteins (12 mg) in the mitochondrial samples were subjected to SDS-PAGE, and analyzed by Western blotting with the monoclonal antibody against Sauromatum guttatum alternative oxidase as described by Sakajo et al.
24)
Isolation of RNA and RT-PCR. Total RNA was extracted from packed fresh cells according to the manufacturer's protocol for TRIZOL, and further puriˆed by precipitation with 4 M LiCl and 75z ethanol as described previously. 8) RNA (4 mg) was electrophoresed on 1.5z agarose gel and stained with EtBr. 25) cDNAs were synthesized from about 2 mg of RNA samples and random primers with MoMuLV RT and ampliˆed by PCR with a set of primers, 5?-TCCACAGAGAACCAAAGACA-3? and 5?-GTGTTTAGACTCATCAGCTC-3?, with 20 cycles for the approximate quantiˆcation of the mRNA of alternative oxidase. As a control, cDNAs of the iron-sulfur protein (Ip) of complex II were ampliˆed with 30 cycles as described by Amino et al.
26)
Results and Discussion Table 1 shows the eŠects of pyrithione and EDTA on the induction of cyanide-resistant respiration activity. Pyrithione (0.2 mM) caused slight induction, perhaps due to its thiol group, and inhibited the AA3-dependent induction somewhat. This opposing eŠect was not seen with 2-mercaptopyridine, which has a chemical structure closely related to that of pyrithione but lacks interaction with metal ions, suggesting that the interaction between pyrithione and certain divalent metal ions might aŠect the regulation of the induction (data not shown). The combined addition of pyrithione and EDTA completely inhibited the induction, although EDTA alone had no eŠect at the concentration of 0.1 mM. In the time course study, pyrithione plus EDTA suppressed the induction as early as 15 min and lasted all the time. Therefore, the cells were incubatedˆrst with pyrithione, chelators, or both for 15 min throughout this report. One ml of cell suspension was treated as in the footnote of Table 1 with or without the addition of 0.1 mM EDTA and 0.1 mM TPEN. One ml of cell suspension was treated as described in the footnote of Table 1. EDTA or its metal ion saturated complex (0.1 mM) and pyrithione (0.2 mM) were added as indicated. One ml of the cell suspension was incubated for 15 min with 0.2 mM pyrithione and 0.1 mM EDTA or TPEN as indicated in the footnote of Table  1 . The cells were sedimented by centrifugation, and suspended in 1 ml of 45 mM potassium phosphate buŠer (pH 6.5) containing 0.1 M glucose; then ZnSO 4 was added as indicated. The suspension was incubated at 309 C for 10 min, and shaken aerobically after the addition of 10 mM AA 3 at 309 C for 1 h.
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Zinc is Involved in Alternative Oxidase Gene Expression When 2 mM DTT was added in place of 10 mM AA 3 , the DTT-dependent induction was completely inhibited by the treatment with pyrithione plus EDTA (not shown), which suggests a common inhibitory mechanism under various conditions of induction. EDTA is a membrane-impermeable chelator, whereas TPEN readily diŠuses within cells to produce intracellular metal depletion. [27] [28] [29] The eŠects of TPEN were compared with those of EDTA, with diŠerent concentrations of pyrithione (Table 2) . TPEN at 0.1 mM had no eŠect on the AA3-dependent induction, though it caused inhibition together with pyrithione added at the concentrations from 0.02 to 0.2 mM, which is coincident with the eŠects of EDTA. Both EDTA and TPEN had maximum eŠects at concentrations of 0.05 mM or more (not shown). These results suggest that the treatment with pyrithione plus a chelator brought about a certain intracellular metal-deˆciency to suppress AA3-dependent induction of cyanide-resistant respiration.
To ascertain that the apparent eŠect of pyrithione was indeed related to its action as a zinc-speciˆc ionophore, cells were treated with pyrithione plus various forms of metal ion-saturated EDTA (Table 3) . Ca-, Cu-and Zn-EDTA chelate metal ions other than the particular ion that forms the complex with EDTA. For example, Zn-EDTA chelates metal ions other than Zn 2+ . Thus, we can measure the relative potency of these metal ions in their possible contribution to the eŠect. 30) These three metal ion-EDTA complexes are useful in deˆning the speciˆc eŠect of zinc ions. 20, 31) Free base EDTA, Ca-EDTA, or Cu-EDTA (0.1 mM), but not the same concentration of Zn-EDTA, inhibited the AA 3 -dependent induction when added with pyrithione. Zn-EDTA failed to sustain the inhibitory eŠect, so the inhibition was related to the removal of intracellular zinc ions by the cooperative action of zinc-ionophore and metal chelator. Then, zinc ions were added to washed cells that had been incubated with both pyrithione and chelators (Table 4) . AA3-dependent induction of the cyanideresistant respiration activity was restored in the treated cells by added ZnSO4. Activity was maximum at the concentration of 10 mM. The same results were obtained with ZnCl2 (not shown), indicating that zinc is involved in the restoration. At higher concentrations, zinc ions bound to residual pyrithione within the cell (zinc pyrithione) might have exerted nonspeciˆc cytotoxicity to inhibit cyanide-resistant respiratory activity, because zinc pyrithione is a potent antimicrobial agent. 32) Although iron is essential for AO activity, 33) both Fe 2+ and Fe 3+ failed to restore the induction. Interestingly, Co 2+ and Mn 2+ led less recovery of induction than Zn 2+ (data not shown). Further investigation to elucidate the eŠects of Co 2+ and Mn 2+ is in progress in our laboratory. The above results suggest that zinc is involved in Fig. 1 . EŠects of Pyrithione Plus EDTA on the Expression of AO Protein.
Ten ml of the cell suspension was treated with or without the addition of 0.2 mM pyrithione and 0.1 mM EDTA as indicated in Table 4 . The resulting suspension in the presence or absence of 10 mM ZnSO 4 was incubated at 309 C for 15 min followed by the addition of 10 mM AA 3 , and aerobically shaken at 309 C for 3 h. Fifty-ml samples were withdrawn and assayed for cyanideresistant respiration activity. The mitochondrial sample (12 mg of protein) isolated from the cells was subjected to SDS-PAGE, and analyzed by Western blotting as described in the text. Twenty ml of the cell suspension was treated as indicated in Table 4 and Fig. 1 except that the aerobic shaking was done for 1 h. The total RNA extracted from the cells was subjected to electrophoresis and RT-PCR as described in the text.
the induction of cyanide-resistant respiration, at an unknown site of action. The AO protein expressed in the mitochondria was detected by Western blotting with the monoclonal antibody against AO from S. guttatum (Fig. 1) . The activity after 3 h of induction was parallel to the amount of 36-kDa mature protein in the mitochondria prepared from the cells treated as indicated, supporting the view that treatment with pyrithione plus chelator and the addition of zinc ions aŠect not the enzymatic activity but the amount of AO protein in which the gene expression and de novo protein synthesis are principally involved. However, the processing into the 36-kDa form in the mitochondria may have been aŠected by zinc deˆciency, because zinc ions are needed for mitochondrial processing peptidases. 34) Therefore, the expression of mRNA was examined by RT-PCR (Fig. 2) . When cDNA was synthesized without RT, no band was observed, which indicates the absence of genomic DNA in the samples. As can be seen in theˆgure, the Ip gene of complex II was expressed constantly, as previously found in other organisms, 26) whereas AO gene expression greatly changed depending on the conditions. The expression was highly accelerated in the presence of AA3. The AA3-dependent expression was suppressed by treatment with pyrithione and chelators, and restored upon the addition of zinc ions. Therefore, these changes in the expression is thought to be speciˆc for the AO gene, further suggesting that zinc is involved in the expression. Ourˆndingˆrst shed light on the involvement of zinc in AO gene expression. At present, the exact role of zinc in the expression remains to be elucidated. Although it seems unlikely that zinc ions are involved in speciˆc signal transduction toward nuclei to express the AO gene, it may be possible. Zinc is required for transcriptional activity, because the removal of zinc ions inhibits the interaction between DNA and transcriptional factors, including zincˆnger proteins [35] [36] [37] and NFkB. 21, 38, 39) The binding of zinc stabilizes the conformation of transcription factors to facilitate interactions with DNA. As with NF-kB, 20, 28, 40) zinc might act as a physiological regulator to tune the AO gene expression in response to environmental conditions. Zincˆnger proteins represent the largest and most diverse superfamily of DNA binding proteins in eukaryotes. 37) In yeasts, zinc cluster proteins form a major class of transcriptional regulators. 41) Zinc might be involved in the DNA binding of some transcriptional factor that is activated to express the AO gene. Presently, further investigation on the protein factor which speciˆcally binds to the untranslated upstream region of the AO gene in the presence of AA3 is in progress in order to characterize the role of zinc ions in the DNA binding.
